Abstract. Previous studies of the authors have indicated that the transplantation of mesenchymal stem cells (MSCs) can attenuate cardiac fibrosis through the secretion of antifibrotic factors, such as adrenomedullin (ADM). Therefore, the authors addressed the hypothesis that ADM overexpression could enhance the antifibrotic effect of MSCs transplantation in a rat model of heart failure. The results of the present study demonstrated that, compared with the group that received the GFP-MSCs, the transplantation of ADM-MSCs significantly improved heart function and decreased the percentage of fibrotic area and the expression of matrix metalloproteinase 2. In addition, fluorescence microscopy indicated that the survival of transplanted MSCs also increased significantly in the ADM-MSCs-treated group. Furthermore, the expression of fibrosis-related genes, such as ADM and hepatocyte growth factor, were significantly influenced in the ADM-MSCs-treated group. Based on these findings, it may be concluded that, compared with MSCs, MSCs overexpressing ADM can further improve heart function in rats experiencing heart failure through enhanced antifibrotic activity.
Introduction
Stem cell transplantation has been extensively investigated as a therapy for heart failure (1, 2) . Mesenchymal stem cells (MSCs), which have the ability to escape detection by the host immune system upon transplantation and to expand easily, become a promising source of cells for transplantation (3) .
Numerous studies have demonstrated that the transplantation of MSCs can promote cardiac repair in acute myocardial injury and cardiomyopathy (3) (4) (5) (6) . The mechanisms mediating the beneficial effect of MSC transplantation have been widely investigated. In a previous study of the authors, the results demonstrated that the antifibrotic effect of MSCs contributes to the improvement of heart function (6, 7) . Despite progress, the transplantation of MSCs is insufficient to fully restore heart function. Therefore, an important issue to be solved is how to maximize the therapeutic effect of MSCs transplantation. It has been proven that gene modification can increase the efficacy of cell transplantation (8, 9) . Adrenomedullin (ADM) is a cytokine that may modulate cardiac fibroblast growth (10) (11) (12) . ADM infusion during ischemia/reperfusion has been proven to attenuate cardiac fibrosis in rats (13) .
Therefore, in the present study, the aim was to examine whether ADM gene transfer can increase the therapeutic effects of MSC transplantation in isoproterenol-induced global heart failure in rats by attenuating cardiac fibrosis and to investigate the mechanisms that mediate this effect.
Materials and methods
Culture and adenoviral transduction of MSCs. MSCs were obtained and passaged according to previously described methods (6, 7) . At the third passage, the MSCs were transduced with an adenoviral vector encoding the gene green fluorescent protein (Ad-CMV-GFP). To select the best multiplicity of infection (MOI) for the adenovirus-mediated gene transfer, MSCs were exposed to Ad-CMV-GFP at MOIs of 1:50, 1:100, 1:200 and 1:400 for 8 h. The medium was then replaced by normal Dulbecco's modified Eagle's medium (DMEM)/F12 containing 10% fetal bovine serum and antibiotics. At 48 h following transfection, cell viability was determined through observation of cellular morphology by fluorescence microscopy. Based on these observations, 1:200 was chosen as the optimal MOI because of its high efficiency and low toxicity. Transduction efficacy was further assessed by fluorescence-activated cell sorting (FACS) analysis. For FACS analysis, the transfected MSCs were digested and centrifuged at 1,000 x g for 5 min. Following removal of the supernatant, 500 µl PBS was added and the MSCs were assayed by flow cytometry and analyzed using FACSDiva Pro software (BD Biosciences, Franklin Lakes, NJ, USA). In addition, ADM expression in the GFP-MSCs and ADM-MSCs was detected by western blotting.
Experimental model and group. A total of 55 male Wistar rats (180-200 g) were obtained from Harbin Medical University Laboratorial Animal Center (Harbin, China). All experimental procedures were approved by the Care of Experimental Animals Committee of Harbin Medical University (Harbin, China). Isoproterenol (ISO)-induced heart failure was induced as described previously (7) . Briefly, ISO (170 mg/kg in 0.5 ml saline; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was subcutaneously injected into the rats every day for 4 consecutive days. Sham-injected rats were injected subcutaneously with 0.5 ml saline alone. At 4 weeks following the final injection, these rats received transplants. Before transplantation, the animals were randomized into four groups: The sham group and three ISO-induced heart failure groups. The three heart failure groups each received a different treatment: DMEM/F12 (medium-treated group), GFP-MSCs (GFP-MSCs-treated group) or ADM-MSCs transplantation (ADM-MSCs-treated group).
Cell transplantation. At 4 weeks following the final ISO or saline injection, all of the rats received transplantation. In the GFP-MSCs or ADM-MSCs-treated groups, a total of 5x10 6 GFP-MSCs or ADM-MSCs were suspended in 100 µl medium and injected into the left anterior myocardium through a 30-G needle at 4 different sites. Medium (100 µl) was also injected into animals of the sham group and the medium-treated group. At 4 weeks following transplantation, the rats were sacrificed for further studies.
Echocardiography. Cardiac function was measured 4 weeks following transplantation with an echocardiographic system equipped with a 12-MHz transducer (HP 5500; Hewlett-Packard, Palo Alto, CA, USA). LV end-diastolic diameter (LVEDD), LV end-systolic diameter, LV ejection fraction (LVEF) and fractional shortening (FS) were measured.
Histological analysis. To detect the cell survival rates following MSC implantation, prior to transplantation, transfected MSCs were also fluorescently labeled with DAPI (Beyotime Institute of Biotechnology, Haimen, China), according to the manufacturer's protocol. At 4 weeks following transplantation, the hearts (n=3 each from the GFP-MSCs-treated group and ADM-MSCs-treated group) were dissected and embedded in optimum cutting temperature compound, snap-frozen in liquid nitrogen (-196˚C) , and cut into 6-µm sections. Transplanted cells that expressed green and blue fluorescence were observed by fluorescence microscopy.
To detect fibrosis in cardiac muscle, the hearts (n=6 from each group) were fixed in 10% formalin, cut transversely, embedded in paraffin, and stained with Masson's trichrome staining. The size of fibrotic areas was quantified as described (6) . Transverse sections were randomly obtained from two levels, and 10 randomly selected fields per section were analyzed. After each field was scanned with a digital image analyzer, the area of the collagenous fraction was calculated as the sum of all areas containing connective tissue divided by the total area of the image.
Reverse transcription quantitative-polymerase chain reaction (RT-qPCR). Total RNA was extracted from the cardiac muscle tissue using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), following the manufacturer's protocol. cDNA was generated using avian myeloblastosis virus reverse transcriptase (Promega Corporation, Madison, WI, USA) and oligo (dT) primers according to the manufacturer's instructions. Primer sequences and reaction conditions are listed in Table I . Real-time PCR was performed in an Applied Biosystems 7300 Fast Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.) with SYBR Green PCR Master Mix (Bioneer Corporation, Daejeon, Korea). Primer sequences used and thermocycling conditions are presented in Table I . β-actin mRNA amplified from the same samples served as an internal control. The relative β-actin expression of each targeted gene was normalized by subtracting the corresponding threshold cycle (Ct) values using the 2 -ΔΔCq comparative method (14) .
Western blotting. To identify the protein expression of ADM, matrix metalloproteinase (MMP)-2 and MMP-9, western blotting was performed. Cardiac tissues were lysed using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology). A bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology) was used to determine protein concentrations. Protein extracts (20 µg) were subjected to electrophoresis through an 8-15% SDS-PAGE gel and were transferred to a polyvinylidene difluoride membrane. Following blocking with 5% skimmed milk at room temperature for 1 h, the membrane was incubated with primary antibody at 37˚C 
Results

Transduction of MSCs.
To choose the optimal MOI, MSCs were transduced with the adenoviral vector at various MOIs. The results of observation by fluorescence microscopy indicated that most of the MSCs became round in shape and detached from the wall in 2 days at an MOI of 50, and that the percentage of GFP-positive cells was lower at an MOI of 400. Therefore, adenoviral vectors were used to infect MSCs at an MOI of 200 in the subsequent experiments. As presented in Fig. 1A , most of these transfected cells were alive observed by light microscopy, and these cells presented green fluorescence observed by fluorescence microscopy. Furthermore, flow cytometric analysis also indicated that the transduction efficiency was >90% (Fig. 1B) . These results were confirmed by western blotting, which indicated that the expression of ADM protein was significantly higher in the ADM-MSCs than the GFP-MSCs (Fig. 1C and D) .
Effect of cell transplantation on heart function. At 4 weeks following MSC transplantation, cardiac function of the living rats was measured by echocardiography. Results indicated that, compared with the sham group, the medium-treated group exhibited a significant decrease in LVEF and FS and an increase in LVEDD. These results demonstrated that the ISO injection could impair heart function in rats. When compared with the medium-treated group, cardiac function was significantly improved in both of the cell-treated groups. More importantly, LVEF and FS were noticeably higher in the ADM-MSCs-treated group than in the GFP-MSCs-treated group. Therefore, the authors can conclude that, compared with GFP-MSCs, ADM-MSC transplantation can further improve heart function ( Fig. 2 and Table II) .
Expression of ADM. At 4 weeks following MSC transplantation, the expression of ADM was examined by western blot analysis. Consistent with a previous study of the authors (7), the current study demonstrated that MSC transplantation could increase the expression of ADM in the myocardium. Furthermore, the present study also showed that ADM-MSCs transplantation could further increase the expression of ADM compared with GFP-MSCs transplantation ( Fig. 3A and B) .
Survival of transplanted cells.
To observe the survival of MSCs in vivo, the nuclei of the transfected MSCs were also labeled with DAPI. As demonstrated in Fig. 4A and B, the survival of MSCs is higher in the ADM-MSCs-treated group than that in the GFP-MSCs-treated group.
Effect of cell transplantation on cardiac fibrosis. The extent of myocardial fibrosis was assessed by Masson's trichrome staining. Fig. 5A presents representative photographs of Masson's trichrome staining of heart sections 4 weeks following transplantation. Quantitative analysis of the fibrotic area was also performed. As identified in Fig. 5B , the fibrotic area was significantly greater in the medium-treated group than the GFP-MSCs-treated group and the ADM-MSCs-treated group. Furthermore, the fibrotic area of the ADM-MSCs-treated group was significantly smaller than that of the GFP-MSCs-treated group.
Next, the expression of collagen I and III were investigated by RT-qPCR. Similar to the authors' previous study (6) , the present study indicated that, compared with the sham group, the expressions of collagen I and III were significantly higher in the medium-treated group. In addition, cell transplantation significantly decreased the expression of collagen I and III. Importantly, the expressions of collagen I and III were further decreased in the ADM-MSCs-treated group compared with the GFP-MSCs-treated group (Fig. 6) .
Effect of cell transplantation on expression of MMPs.
The authors investigated the expression of MMP-2 and MMP-9 by RT-qPCR and western blotting. The results demonstrated that, compared with the medium-treated group, the gene expression of MMP-2 and MMP-9 was significantly lower in both of the cell treated groups. Importantly, compared with the GFP-MSCs-treated group, the ADM-MSCs-treated group exhibited even lower expression of MMP-2 (Fig. 7A) . In addition, the groups treated with both cell types had significantly lower MMP-2 and MMP-9 protein levels compared with the medium-treated group. The protein level of MMP-2 was also lower in the ADM-MSCs-treated group than the GFP-MSCs-treated group (Fig. 7B and C) . Although the gene and protein expression of MMP-9 were lower in the ADM-MSCs-treated group than that in the GFP-MSCs-treated group, the difference between these two groups was not statistically significant.
Paracrine signaling by cell transplantation. The expression of the hepatocyte growth factor (HGF) and transforming growth factor (TGF)-β genes, which mediate cardiac remodeling, were then investigated. As presented in Fig. 7A , compared with the expression in the medium-treated group, the gene expression of HGF was significantly lower in both the GFP-MSCs-treated group and the ADM-MSCs-treated group. Importantly, compared with the GFP-MSCs-treated group, the ADM-MSCs-treated group exhibited lower levels of HGF gene expression. In addition, it was also indicated that, compared with the GFP-MSCs-treated group, the ADM-MSCs-treated group had not lower levels of TGF-β gene expression (Fig. 7A) .
Discussion
In the present article, the authors demonstrated that, compared to the GFP-MSCs transplantation, ADM-MSC transplantation greatly improved cardiac function and decreased the cardiac fibrosis associated with ISO-induced heart failure. In addition, the beneficial effects of ADM-MSC transplantation may be partially mediated by significantly influencing the expression of fibrosis-related cytokines, such as ADM and HGF.
Studies have reported that subcutaneous administration of ISO in rats could produce myocardial cell death and cardiac fibrosis and lead to heart failure, while maintaining an intact coronary vasculature (15, 16) . The effectiveness of reperfusion therapy and the potential confounding effects of an abnormal blood supply underscore the importance of studying cardiac fibrosis arising in the presence of an intact vascular system (16) . For these reasons, the ISO-treated rat heart is an excellent model system for investigations into cardiac fibrosis and heart failure. Previous studies, including the authors' published study, have proven that ISO may induce heart failure and cardiac fibrosis 4 weeks subsequent to injection (6, 16, 17) . Additionally, it is well-known that cardiac fibrosis may have already formed in patients with previous myocardial infarction and dilated cardiomyopathy (18) . Therefore, in order to investigate whether cell transplantation can inhibit the progress of cardiac fibrosis of these patients, the authors chose the interval of 4 weeks following ISO injection to initiate MSC transplantation.
Paracrine mechanisms have been proven to serve an important role in the transplantation of MSCs. The authors' previous study had also indicated that MSCs could secrete ADM and that the level of ADM in the myocardium significantly increased after the transplantation of MSCs, coinciding with the decrease in cardiac fibrosis (6) . Therefore, it was concluded that ADM secreted by the MSCs may play an important role in MSC transplantation. ADM has been reported to inhibit myocardial remodeling by attenuating cardiomyocyte hypertrophy, the proliferation of myocardial fibroblasts and the production of extracellular matrix (10) (11) (12) (13) . Thus, in the current study, the authors sought to investigate whether, compared with MSCs alone, ADM gene-modified MSCs can further decrease cardiac fibrosis and increase heart function.
In the present study, GFP-MSCs, ADM-MSCs or medium were grafted into the myocardium in a rat model of ISO-induced heart failure. At 4 weeks following transplantation, heart function was examined, and the results showed that, compared with GFP-MSCs and medium, ADM-MSCs could significantly improve heart function, as indicated by an increase in LVEF. Therefore, it may be concluded that modifying MSCs with ADM can increase the beneficial effects of MSC transplantation.
Cardiac fibrosis serves an important role in the pathogenesis of heart failure. Many previous studies have shown that inhibiting the development of cardiac fibrosis could lead to the improvement of heart function (19, 20) . A previous study reported that MSCs transplantation could improve heart function partly by inhibiting myocardial fibrosis (6) . Furthermore, ADM have been proven to play a role as an autocrine/paracrine modulator in the process of cardiac remodeling by suppressing mitogenesis and collagen synthesis in fibroblasts (11) . Therefore, the effect of ADM modified MSCs on cardiac fibrosis were investigated in the study. Histological and molecular analysis demonstrated that transplantation of ADM-MSCs could result in the greatest decrease in cardiac fibrosis, compared with medium transplantation and GFP-MSC transplantation.
The MMPs are a family of >25 species of zinc-dependent proteases, which have been shown to be important in ventricular remodeling by degrading the extracellular matrix. In the failing heart, the normal collagens are degraded by increased levels of MMPs, and fibrous interstitial deposits of poorly cross-linked collagens are synthesized. This, in turn, may lead to myocardial fibrosis, dilation of the ventricles and cardiac dysfunction (21, 22) . Inhibition of the activities of the MMPs prevents progressive left ventricular remodeling and improves heart function in an animal model of heart failure (23, 24) . Regardless of the inciting cause, there appears to be increased expression of MMPs in the initial phase and the final phase of heart failure, leading to marked ventricular dilation and fibrosis (25, 26) . The authors' previous results have indicated that the expression of MMP-2 and MMP-9 was significantly increased in ISO-induced heart failure (6). In addition, ADM has been proven to have an ability to inhibit the expression of MMP-2 and MMP-1 in hepatic stellate cells and rheumatoid synovial fibroblasts (27, 28) . Therefore, the effect of ADM-MSC transplantation on the expression of MMP-2 and MMP-9 was investigated in the current study. Importantly, the results also showed that, compared with the GFP-MSCs-treated group, the ADM-MSCs-treated groups exhibited a significant decrease in MMP-2 levels. Therefore, the authors propose that compared with MSCs, ADM gene-modified MSCs can decrease the expression of MMP-2 significantly, resulting in a greater decrease in the degradation of normal collagen and greater improvement in heart function. Next, the effect of ADM on the paracrine ability of MSCs was explored. The expression of ADM in the myocardium was investigated. Results demonstrated that the level of ADM was significantly increased in the ADM-MSCs-treated group than that of the GFP-MSCs-treated group, which is coinciding with the decrease of myocardial fibrosis. Therefore, it may be concluded that ADM-MSCs can inhibit myocardial fibrosis by secreting ADM. Furthermore, HGF (29) and TGF-β (30), which is related to myocardial fibrosis, were investigated. The authors' previous study had indicated that the transplantation of MSCs increased the expression of HGF in the myocardium (6) . In the present study, results demonstrated that the ADM-MSCs-treated group exhibited a significant increase in HGF, when compared with the GFP-MSCs-treated and medium-treated groups. The expression of TGF-β was also observed. However, these results presented no significant difference between the ADM-MSCs-treated group and the GFP-MSCs-treated group. These observations suggested that ADM-MSCs may decrease myocardial fibrosis not only by secreting ADM, but by changing the expression of fibrosis-related cytokines, such as HGF. Further studies will be required to detect the mechanism by which the ADM-MSCs influence the expression of these fibrosis-related cytokines. In addition, the current study demonstrated that ADM modification could increase the survival of transplanted cells.
In conclusion, the transplantation of ADM-MSCs can greatly improve cardiac function by attenuating myocardial fibrosis. The beneficial effect of ADM-MSC transplantation may be partially mediated through changes in the expression of fibrosis-related genes, such as ADM and HGF.
